Different indentation fracture mechanisms of coated glass caused by a sharp tip (cube corner) at low loads (<4mN) and a blunt tip (Berkovich) at high loads (up to 500mN) have been analysed in this study. The existing indentation methods to estimate the fracture toughness are unsuitable for investigating very thin coatings (<500nm). An alternative energy-based method can successfully be applied in the assessment of the ultra-small cracks produced in coated glass based on excursions in the loaddisplacement curve caused by sharp indentation. However, it was found that no excursions were observed associated with picture frame cracks produced by the blunt tip in the same coatings; this is not unusual in other coated systems which makes the existing energy-based models invalid. Therefore, a new energy-based model is developed here to solve this problem and good results have been obtained. The existing models cannot be applied to the analysis of the indentation-induced interfacial failure in this study, therefore, new approaches have also been developed to assess the interfacial toughness and again reasonable results are obtained.
Introduction
Multilayer metal/oxide coating systems have been applied in a range of applications including, microelectronics, microelectromechanical systems (MEMS) and optics; for instance, solar control coatings consisting of a selective absorbing layer, antireflection layers and barrier layers on glass are used in architectural applications in order to save energy. Whatever the application, the coating lifetime is a key issue that needs to be addressed This is often controlled by the mechanical properties of the coated system, particularly where coated components are handled or assembled, and it is therefore important to understand the fracture mechanisms during contact.
The fracture of a coated system is not only dependent on coating toughness and the distribution of flaws, but may also depend on the properties of the substrate and interface. Fracture mechanisms of coated systems composed of thick hard coatings on soft substrates have been well-documented in the literature [1] [2] [3] . However, research on the fracture mechanisms of thin hard coatings (<500nm) on hard substrates is less well-established. In this paper, the fracture mechanisms of ceramic optical coatings on Radial cracks glass are highlighted to illustrate the new methods developed to extract fracture toughness information for the coatings. Traditional indentation fracture assessment is mainly based on the analysis of radial cracks, ring cracks and chipping in thick coatings [3] [4] [5] [6] . Here, an analysis based on picture-frame cracking in coated glass is developed to generate fracture toughness information and this is compared with an alternative energy-based method based on the analysis of nanoindentation loaddisplacement curves. In addition, the use of such curves to assess the interfacial toughness of very thin coatings is discussed.
Brief review of the indentation methods to assess fracture toughness
For a well-developed halfpenny-like (semi-circular) median/radial cracking caused by indentation ( Figure 1 ) which was observed by viewing transparent materials from the side during indentation [7, 8] , the toughness K Ic is related to applied load, P, and crack length, c, as follows. ξ is a calibration coefficient which depends on indenter geometry and crack pattern and E and H are Young's modulus and hardness, respectively. For well developed radial cracking produced by a Vickers indenter, R v ξ =0.016±0.004 [7, 9] .
With a decrease of the indenter semi-angle, θ, R v ξ increases since it is proportional to 3 / 2 ) (cotθ . This was derived based on the expanding cavity model [7] and was verified by indentation in different brittle materials [10] . The geometry-dependent behaviour has been verified for tip angles in the range of 35.3 º to 75 º [10] . The simplicity and reliability of this technique makes it a common method to extract the fracture toughness for bulk materials indented at high loads. The influence of residual stress can also be considered for bulk materials and thick coatings in this model [4, [11] [12] [13] . However, when the coating thickness decreases, well-developed radial cracking may not be observed (e.g. for 400nm Solar control coatings on glass in [14] and 500nm SiO 2 filled methyltrimethoxysilane coatings on glass in [12] ). In such cases, the utility of the above equations will be in doubt. For example, Laugier [15] and Nihara et al [16] reported that the linear relationship between K Ic and P/c 3/2 broke down when c<2.5a c (where a c is the contact radius of the impression as depicted in Fig. 1 ). However, Jang et al [10] argued that such a scaling relationship is still maintained even for small cracks in Si (100) and Scholz et al [17] found that such a scaling relationship remained even when the radial crack length was down to 1.1a c for typical ceramics such as fused silica and sapphire. ξ is a constant), it can be expected to have a value of 0.033; however, 0.0319 [18] , 0.036 [19] , 0.04 [20] , and 0.0535 [21] have been reported as different values for the constant. This has been critically discussed in [22] . This model has been generalized and extended by considering the wedging stress in brittle bulk materials [23, 24] . However, with the decrease of coating thickness, the deformation of substrate will not only significantly affect the fracture morphology in coatings but also the fracture mechanisms. Given these problems, energy based models have been proposed as alternatives, particularly now that routine measurement of indentation load-displacement curves allows direct calculation of the dissipated energy.
A widely used energy-based model was initially proposed by Li et al [5] [6] based on extrapolating the loading curve when there is a step associated with through-thickness fracture in it. In this model the load-displacement curve is extrapolated from the step start point (assumed to be the onset of fracture) to its end point, and the difference between the extrapolated curve and the measured curve is regarded as the fracture dissipated energy. For convenience, this method will be denoted as the ld-dp method in this paper. The fracture toughness is related to the released elastic strain energy during fracture, U, the film thickness, t, the total length of the crack in the film plane 2πC R , Young's modulus of the film, E, and Poisson's ratio of the film ,ν , and it is given by,
Later this was slightly modified by den Toonder et al by considering the effective coating thickness and the number of cracks [4] .
However, through thickness fracture may change the stress field around the indenter and thus change the elastic-plastic behaviour of the coated system. This influence has been completely ignored in this model. The coating cannot survive to the extrapolated load and during the fracture event the indenter still does work which is mainly dissipated by elastic-plastic deformation. It was also argued elsewhere [4] that the area ACD in Fig. 2 is not the actual energy dissipated by fracture. Therefore, this model has been further developed by Chen and Bull [14] based on analysing the total work versus displacement curve (W t -dp method). The method to determine fracture dissipated energy is explained in Figure 3 . First, the initial W t -dp curve is extrapolated from the cracking start point A to the cracking end point C, to get the work difference CD after fracture; then the W t -dp curve after cracking is extrapolated backward to the cracking start point thus obtaining the work difference AB at the onset of fracture. AB represents the work caused by different elastic-plastic deformation behaviour of the material before and after fracture whereas CD represents the total work difference caused by the presence of cracking which consists of the change of elastic-plastic deformation behaviour between the uncracked system and cracked system plus the fracture dissipated energy (not including contribution from relaxation of residual stress in the coating). The difference between the two (i.e. CD minus AB in Fig.3 ) will be the fracture dissipated energy. This method has been successfully applied in many different coated systems [22, 25] . Schematic of the ld-dp method to determine the fracture dissipated energy, i.e. area ACD. See text.
An alternative energy based model was proposed by Malzbender and de With [26] based on plotting the irreversible work W irr over the total work done by indenter W t at a range of loads. This method requires many tests at a number of different loads which is quite time consuming and it requires the same coatings with different thickness which is not economic for practical application. It is also important to note that the W irr method is only valid in the case of a fracture-related feature in P-δ curve otherwise no obvious characteristic change in work is observed which invalidates the method (see the example for inorganic-organic coating on glass in [27] ). Another approach based on plotting irreversible work versus load has been proposed [28] . It was suggested that the position of the W irr jumps (i.e. ∆W irr ) on the W irr -P curve correlates with the evidence of the first crack in micrographs, and reasonable results for toughness were reported. However, there are lots of events in a plot of W irr -P after the critical load (see Ref. [28] ) and it is difficult to associate each with a particular fracture event. Therefore, the method actually depends on detecting the first event associated with a measurable crack dimension which is not be easily done; the extension of the cracks as the load increases cannot be directly monitored and only their final positions at the end of the test are known in most cases.
W t vs. dp curve before crack W t vs. dp curve after crack 
Experimental
It is well-known that the threshold for cracking can be dramatically lowered by using a sharper indenter such as a cube corner tip [20] . In addition to the advantage of reducing the critical load for fracture, at the same penetration the plastic deformation is more confined compared to a Berkovich indenter which can eliminate the influence from the substrate in some circumstances [29] . Therefore, it is preferable to use a cube corner tip when assessing the toughness of thin films.
It is often argued that a step in the load-displacement curve obtained under load control indicates the loss of contact caused by a transient event such as fracture in brittle materials, but it cannot be assumed that the energy dissipated during the displacement excursion is due to the transient event only because of the possible additional permanent deformation associated with it [30] . In contrast, the load drop in a displacement-controlled experiment was argued to be unambiguously related to loss of contact attributed to fracture. More comparisons show that displacement control tests eliminate the additional deformation inherent with fracture [22] . Also, it has been argued that the displacement control tests will be more sensitive to the fracture initiation [31] . Therefore, displacement control was used throughout in this study.
The low load tests were carried out using a Hysitron Triboindenter fitted with a cube corner tip (tip radius is 40nm when new). It has been suggested that many coatings flex elastically up to displacements approximately equal to the coating thickness when the onset of fracture may occur [3, 32] . Therefore, the maximum displacement control set point is 400nm which is equal to the thickness of the thick top layer (except for the sample with a 240nm indium tin oxide (ITO) coating). The tests were performed at range of maximum penetration depths from 40nm to 400nm. The loading rates were varied from 5nm/s (for low penetration) to 40nm/s (for high penetration). The hold time at peak load for each case is 5 seconds. In-situ AFM was used to obtain the fracture dimensions.
In order to gain more insight about the fracture behaviour of the coated glass, nanoindentation tests were also performed using a blunt tip (Berkovich tip with tip end radius of ~250nm) using a Nanoindenter II TM (Nano Instruments, Knoxville, TN, USA). A wide range of loads was applied to each sample (from 10mN to 500mN). The loading rate was 50nm/s for peak loads bigger than 300mN and 10nm/s was used for lower loads. In order to measure the fracture dimensions, off-line SEM (Camscan) and AFM (Park M5) were used.
The coatings investigated here are the main ceramic components of solar control coatings such as ZnO, SnO 2 , and TiO x N y produced by magnetron sputtering with the same process parameters as are used in a commercial coating stack (Pilkington Optitherm). The coated system tested is a multilayer stack consisting of very thin layers of coating materials deposited with the same architecture and deposition conditions as in a commercial solar control coating, capped with a 400nm thick layer of each individual constituent material for fracture assessment. Descriptions of the samples are provided in Table 1 . The hardness, H, and elastic modulus, E, values for the coatings were obtained by extrapolating the measured values determined by the Oliver and Pharr method at a range of maximum displacements [33] .The H/E ratio of the main components of the solar control coating architecture investigated together with the substrate are given in Table 2 . Table 1 . Samples of a typical sputtered solar control coating stopped after each different layer in the multilayer stack with the final thickness increased to 400nm. N.B., this leads to spallation of ITO due to high residual stress so an extra sample was produced with a 240nm thickness top layer which does not spall. 
Indentation fracture mechanisms
There are two types of fracture associated with indentations in brittle coated systems:
1. Through-thickness fracture which generally runs normal to the coating/substrate interface for thin coatings but may run at a lower angle to it as the coating thickness increases. Through-thickness fracture is exacerbated by the bending stresses which arise once plastic deformation of the substrate occurs and the coating is bent into the impression or over the material piled-up around it. 2. Interfacial fracture which occurs at or near the coating/substrate interface, or the weakest interface in a multilayer stack. Interfacial detachment may occur around the impression during loading and in the contact zone during unloading.
Once fracture occurs, the properties of the coating/substrate system will be affected. For instance, during a through thickness fracture event in a brittle coated system, the following changes of the mechanical response of the coated system may occur,
The stiffness of the coating decreases, (ii.)
Plastic deformation of the substrate is more likely or even dominates, (iii.) Redistribution of the elastic and plastic strain may occur. The stored elastic energy in a cracked coating is released, thus, in the further deformation, this part of coating may be elastically deformed rather than continuing to plastically deform. (iv.) Any membrane stress is released. Figure 4 displays the schematic of cross-section of an indentation with through thickness cracking by a sharp tip illustrating the processes which might occur. This has a critical influence on any technique to extract toughness from indentation data as is discussed in the next sections.
In the case of sharp tip
When a brittle coating on hard substrate is indented by a very sharp tip, say a cube corner indenter, radial cracks easily initiate at the indenter edges. When throughthickness cracking occurs, the compressive stress and membrane stress (in Region I in Fig.4 ) in the uncracked coating is released. The stiffness of the cracked coating and its adjacent uncracked coating decreases and more load is supported by the substrate. Thus plastic deformation of the substrate is likely to play an increasing role during further indentation. The cracked coating which was plastically deformed will still support some of the load imposed by indenter; after the stored elastic energy is released by through thickness fracture it may be elastically deformed again prior to carrying on plastic deformation during further indentation. After through-thickness cracking the bending stress caused by conforming to the substrate will also be released. The wedging effect for a sharp tip will enhance the opening displacement of radial cracks.
All these mechanisms will lead to a change in the apparent hardness and modulus of the system during a crack event, thus altering the shape of the indentation loaddisplacement curve (or the W t -dp curve). It means that it is not realistic to expect that the load-displacement curve or the W t -dp curve after cracking will follow the same rule as the case prior to cracking. Therefore, the second step, i.e. extrapolating the W t -dp curve backward, described in the previous section is essential to account for such deviations. A similar approach cannot be easily be used to separate the load contributions from the different deforming mechanisms. The reason is that the energy can be treated as a simple sum of elastic work, plastic work, fracture dissipated energy plus energy dissipated by heat etc (which is usually neglected) and different contributions may easily be subtracted whilst the failure stress is very much more complex and expressions for each individual mechanism are not always available and cannot be simply added. For instance, it is often the case that a second step in loaddisplacement curve will lead to a negative value of toughness if a stress-based analysis method is used. Fig.5 shows the comparison of load-displacement (P-δ) curves between a 400nm TiO x N y single layer on glass with peak displacements of 100nm and 400nm. There is no evidence for fracture at the lower penetration but clear load drops are visible in the load-displacement curve for the deeper penetration. There is also some evidence of uplift next to the bigger indent (circled in Figure 5d ) which could be evidence for coating detachment since this material does not show appreciable pile-up and the substrate shows neither significant plastic deformation nor the significant constraint of plastic deformation in the coating which would enhance what pile-up there is. The Wt-dp curve corresponding to the load-displacement curve in Fig. 5c is also plotted in Fig. 6 . Two significant discontinuities are observed corresponding to events in Fig.5c . Further line profiles have been extracted from Figure 5d and are presented in Figure  7 . The depth of the gap at point C as depicted in Fig.7 is about 25nm which is much bigger than the roughness on the coating and the possible roughness of the cube corner tip; it is very common that a cube corner tip is worn when indenting hard materials for even a short period of time. Furthermore, the opening of the gap marked at Point C in Fig.7 is 50nm. Given that the image was made with the tip that made the indentation which is blunt compared to a conventional AFM tip it is unlikely that this feature corresponds to an open crack only. Rather it is likely to be due to the detachment and lateral displacement of the coating. The crack opening is enhanced by the deformation of the relatively soft substrate. To observe cracks by AFM using a blunt tip (such as the indenter used to make the impression here) requires height differences between the material on either side of the crack which is not always observed.
The first event i.e. Event A-B-C in Fig. 5c is accounted for by a radial crack, whilst, the second event, i.e. Event D-E in Fig. 5c is related to interfacial failure. The upthrust in Fig. 5d provides evidence of interfacial failure. The extra linear portion in the unloading curve in Fig. 5c is caused by the rebound of the delaminated coating which implies that the delamination event occurs during the loading half cycle.
For very low load tests, especially for the tests here which are intended to eliminate the substrate influence, it can be expected that fracture due to bending stresses imposed by the plastic deformation of substrate is not significant before other crack modes occur. Further, given the sharp geometry of the cube corner tip (with a small tip end radius as well), the high stress intensity should result in the appearance of radial cracking. Also, it has been argued that the wedging effect is significant for an acute probe [23] [24] , which makes radial cracking more likely to occur than picture frame cracking. Therefore, although the crack patterns at loads where events are first observed in the load-displacement curves in this study are difficult to directly verify by microscopy such as SEM, in-situ AFM or high resolution off-line AFM, radial fracture following the indenter edges is assumed here as has been routinely observed in SEM studies of high load indents. The crack horizontal dimension is assumed equal to the indentation radius (because no evidence of extended radial cracking was observed by in-situ AFM) and the vertical dimension is equal to coating thickness as discussed in the previous section. Since there are three indenter edges, this area must be multiplied by 3 to get the total crack area which assumes uniform fracture around the indentation. The assumption that the crack length is equal to diagonal of impression may not be true but it is reasonable upper limit (giving a lower limit for toughness). For hard brittle coatings on softer substrates, any radial crack is usually confined within the impression. Example are given in Figure 8 where the radial cracks in 1µm fullerene-like CN x on Cr [34] and titanium nitride coatings on steel are clearly constrained within the indentation. Radial cracks caused by a Vickers indenter in glass during a microindentation test occur during unloading and propagate during the whole unloading cycle. However, for the cube corner indenter, in situ indentation observations found that the radial crack driving force is very small during unloading which results little or no radial crack growth [23] . (J/m 2 ) calculated by the W t -dp model W t -dp model Estimated by CIM 8 . Scanning electron micrographs of (a) a1µm fullerence-like CN x coating on Cr and (b) a 1µm titanium nitride coating on steel. In both cases it can be seen that the radial cracks following the indenter edges are confined in the indent impression. This is particularly clear in (b).
From Table 3 , it can be seen that the results from the wt-dp model are reasonable for the brittle coatings under investigation here whereas the conventional indentation method (CIM) just returns the toughness of the substrate glass in most cases. Although sub-threshold cracking has been investigated elsewhere [35] , it requires many tests on a well-documented material to calibrate the constants in the model which is feasible for bulk material but not for thin coatings because their mechanical properties are not usually well known. The contribution from the release of residual stress in the coating is relatively small, (<8%) in this study, unlike in the case of interfacial fracture or radial fracture for very brittle coatings with large residual stress (e.g. [4] ). More discussion can be found in [14] .
By determining the fracture initiation load the relative toughness can be obtained if it is assumed that the flaw size and distribution is similar. This shows a similar trend to the toughness values calculated in this paper [36] .
In order to further verify the model, it has been applied to measurements on different coated systems and data from the literature. For example, an examination was carried out on experimental data from the carbon coatings deposited on Si which were initially used in the development of ld-dp model in the work of Li et al [5] [6] . The comparison of the fracture toughness for different carbon coatings on Si determined by ld-dp method and W t -dp method is summarized in Table 4 . From Table 4 the toughness of cathodic arc carbon coating on Si determined by the ld-dp method was 10.9MPam 1/2 [5] which was higher than the toughness (~7.9 MPam 1/2 ) of bulk diamond [37] . This is not realistic since a coating is usually more brittle than its bulk form because of the defects within the coating. However the W t -dp method provides the result of 6.2 MPam 1/2 which is more reliable. The difference in toughness for ion beam carbon coating indented by the conical tip and the cube corner tip obtained by the ld-dp method is about 10%. In contrast, the difference drops to 4% when using the W t -dp method. The overall results of these two carbon coatings are in the range 5.5~6.2 MPam 0.5 which is identical to the toughness range (5~6MPam 0.5 ) of diamond coatings reported in literature [37] . It is reasonable to make such comparison because these coatings are highly cross-linked which is close to the structure of diamond coatings. The main errors of calculation will result from fracture measurement in the initial paper; the overall errors in the calculations by the W t -dp method will be similar to those in the ld-dp method.
For data taken from sol-gel coating reported in literature, the same procedure was adopted and reasonable results were obtained as well. A few more successful application on others coatings can be found in [25] .
By the same method, the energy release rates for interfacial failure for 400nm TiO x N y /glass, and 240nm ITO multilayer/glass are 30±14J/m 2 and 19±9J/m 2 , respectively, where the delamination area is assumed to be πc 2 where c is the delamination radius. It is observed that interfacial failure in the other samples (e.g. the TiO x N y coating on glass) occurs at higher load than cracking in the coating; this indicates that the interface toughness is comparable to the coating toughness or greater. The energy release rate for interfacial failure is similar to that for the coating itself, which agrees with the comments above. Experimental observation shows delamination at the edge of the sample prior to the indentation which is caused by the high residual stress in the ITO coating introduced during deposition and the additional stress during glass cutting which confirms the relatively poor interfacial toughness for the 240nm ITO multilayer on glass. It is reasonable to expect that such an interface is weaker than that of the TiO x N y coating on glass which does not spall. This is consistent with the calculations here. It may also be expected that the interface is weaker than the ITO coating itself which is also suggested by the calculations here. More details about assessment of interfacial failure will be addressed in next section.
With regard to this method, it is difficult to find a reference bulk material. For typical brittle bulk materials such as soda-lime glass, silicon we have investigated here, no load drops were observed even at the maximum load of 10mN where the radial cracking is well-established. The same result was observed elsewhere when indenting fused silicon [20, 38] and glassy carbon [38] . This indicates that the radial cracks do not form in a single event but grow incrementally after initiation as the load increases. The first cracks that form are sufficiently small that they do not lead to a load drop in the P-δ curve under displacement control. Table 4 The comparison of toughness of carbon coating deposited on silicon by cathodic arc and ion beam between ld-dp method and W t -dp method.
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Fracture behaviour in case of blunt tip
If picture frame cracking rather than a well-developed radial/median crack pattern is observed during indentation, the conventional indentation method for fracture toughness assessment is not applicable; if the picture-frame fracture does not lead to any excursion in the load-displacement curves or total work vs. displacement curves, the existing energy based models also fail. It is very difficult to apply a stress analysis model in these circumstances since the very complex stress field produced around an indentation is modified by the presence and location of fracture. Complex crack patterns produced during picture-frame cracking are not amenable to simple stress analysis. The question therefore arises can we measure the coating toughness based on picture frame cracking which does not lead to any obvious discontinuities in the load-displacement curve. This section is devoted to answering this question.
Crack patterns caused by blunt tip
Except for the sample with a thick cap layer of TiO x N y, picture-frame cracks were clearly observed in SEM images for all samples when the load is bigger than 200mN.
Interfacial detachment was only found in coated glass with a 400nm ITO cap layer which results from the relatively poor adhesion between the cap layer and substrate; this is verified by the observation that a 400nm ITO cap layer will spontaneously delaminate after deposition in some locations as shown in next section. Fig. 9 displays the picture-frame cracks for a 400nm ZnO cap layer indented at loads in the range of 200mN to 500mN and their associated P-δ curves are presented in Fig.10 . It is obvious that no excursions resulting from fracture were observed in these load-displacement curves. It is not unusual, for this to occur even for an instrument with excellent feedback control of the displacement. Fig. 11 displays the SEM images of 240nm ITO, 400nm SnO 2 , and single and multilayer stacks with a cap layer of TiO x N y indented with a peak load of 500mN. Well-established picture frame cracks are observed for all coatings except the two TiO x N y variants. From Figures 9 and 11 , the density of picture-frame cracks for the 240nm ITO multilayer and 400nm SnO 2 multilayer is significantly less than for ZnO. It is also obvious that the first picture frame crack in ZnO occurs at a much lower load than the other coatings which may indicate that the ZnO has the lowest toughness. The tin oxide-based coatings show less crack opening displacement compared to the ZnO coating. Evidence of lateral cracking (possibly occurring at the interface) was observed in the 400nm ITO coated sample as shown in Section 5. 
Why is there no evidence of picture frame cracking in TiO x N y coatings?
Given the toughness values for the coatings in Table 3 it might be expected that picture frame cracking in TiO x N y would be more extensive than is observed. Three possible reasons could account for the observation that no evidence of picture-frame cracking in TiO x N y was observed in SEM micrographs.
One is the poor conductivity of TiO x N y compared to other coatings which degrades image quality in the SEM and limits the visibility of picture-frame cracks when the opening displacement is small (<20nm). However, even at higher loads the cracking in TiO x N y is suppressed so this is unlikely to be the only explanation.
The second reason is that there is a large compressive residual stress in the coating which acts to prevent crack formation and close the cracks once they are formed. Indeed the large compressive stress measured in the tin oxide and ITO coatings (~3GPa determined from the delamination dimensions -see section 5) compared to Picture frame crack the more moderate stress in the ZnO layer (1~2 GPa determined by x-ray diffraction) [39] could explain the differences in the extent of cracking between these samples. However, the stress in the TiO x N y layer is very low (200~400MPa determined by sample curvature) [39] and this is not expected to prevent fracture.
The most likely explanation thus depends on the way that the coating/substrate system deforms. If a thin hard coating (usually associated with high yield stress) is well bonded to a softer substrate, the softer substrate will often yield first [40] . In such case, the substrate deformation will add a bending influence on the deformation of the coating. When
, the plastic zone of the substrate underneath the coating enhances the bending of the coating thus helping to produce the picture-frame cracks and tending to increase the crack opening displacement (see Fig. 12a ). This is also the reason that the crack opening displacement (COD) is relatively large in ZnO whose E/H ratio is lowest among all the coatings tested (see Table 2 ). However, in the reverse case, i.e. Fig. 12b ), the plastic zone in the substrate does not make much contribution to the bending of the coating so that the COD in TiO x N y coatings may be too small to be observed in the SEM used in this study. 
Fracture toughness analysis based on picture frame cracks

Irreversible work analysis for uncracked materials
A few workers [41] [42] [43] find that there is a linear relationship between the ratio of irreversible work to total work, If it is assumed the load P scales displacement squared in the loading curves before cracking and the unloading curves can be fitted by a power law, i.e. Since both equation (3) and the fundamental equations to derive (4) can be verified by finite element simulations for a range of bulk materials, it is reasonable to assume that these two equations are identical, thus giving m=1.362.
However, it should be noted that the numerical analysis may not represent the actual behaviour of a bulk material in any particular situation. For example, it is found that there is 3~4% percent deviation when applying this numerical analysis to the sodalime glass substrate in this study (Fig.13b ) which may be caused by the difference between the ideal materials properties used in the numerical simulations and those of real materials. The truncated indenter tip used in practice may also result in some deviation from the numerical result.
If the coated systems have similar H/E in both coating and substrate and their H and E do not deviate much from each other in the composite (i.e. the mismatch of the mechanical properties between coating and substrate is not significant), it is very likely that there will be no slope change in the load-displacement curve after plastic deformation is fully developed in the substrate and H/E will not vary with the load. In such a case, the whole coated system can be approximately treated as an equivalent bulk material and the relationships in equations (3) and (4) can also be applied.
For all the samples investigated here it can be shown that δ f /δ m >0.4 and this meets the requirement for equation (3) to be valid. Here, the work difference between the measured irreversible work and the irreversible work determined from equation (3), ∆W irr , is less than 4% of the total work and less than 8% of the actual irreversible work (see Fig.13) ; the difference may be due to microcracks in the glass or intrinsic systematic errors in the experimental data and numerical analysis.
Although no obvious evidence for cracks in the uncoated glass was observed in the SEM images in this study, it cannot be proven that no cracking in the glass occurs under high load tests (>100mN). It has been found that the critical load for cracking in glass indented by a sharp Berkovich indenter is about 20mN with an associated critical flaw size of ~600nm [44] . However, it was also reported elsewhere that the threshold for crack initiation in glass by a Vickers indenter is about 250 to 500mN [20] . The threshold load for fracture may depend on many factors such as the size and distribution of the potential flaws in the glass and the tip radius.
When through-thickness fracture occurs in the coatings, more load is supported by the substrate and coating debris may generate a suitable flaw for fracture initiation in the substrate glass. Therefore, sub-threshold cracking in the substrate glass is expected to contribute to the deviation of W irr from the theoretical value for the coated samples investigated here. Thus, for the calculations in this study, this deviation between experimental and theoretical work for the substrate is subtracted from the measured data for the coated system. It is assumed this systematic deviation is mainly caused by the substrate and it is identical in the different coated systems and the uncoated glass. This assumption is reasonable since the deformation is dominated by substrate under the test conditions used here when high loads (>100mN) are necessary for fracture to occur and the H and E in coatings and substrate do not differ much from each other. a) Consider an imaginary load displacement curve with the same plastic work as that for an experimentally measured system. b) The imaginary load-displacement curve shows no evidence of fracture, i.e. no excursions in the loading or unloading curve which lead to an increase indenter displacement at a fixed load on loading. This will be compared with the experimental data which shows evidence of cracking. c) Assume that the influence of cracking on the mechanical properties of the whole coated system after cracking applies to the whole loading part of the experimental curve, i.e. averaging the crack influence on the plastic and elastic deformation over the whole loading cycle. This is a reasonable assumption since E/H remains almost constant despite the presence of fracture in the case that no excursion and no slope change in the P-δ curve is observed. d) In such a case the coated system can be treated as equivalent to a bulk material. e) Ignoring the energy dissipated by heat etc, , the hypothesis is to turn the fracture dissipated energy back into the stored elastic energy). The total work does not change because fracture only plays a role in converting some stored elastic energy into irreversible work under displacement control tests.
For the equivalent bulk material constructed by this method, the work of plastic deformation can be approximately determined by equation (3) . For best accuracy, the deviation introduced into W irr by microcracking in the substrate is subtracted; this correction is determined by calibration tests on uncracked samples. Thus fra U can be obtained, which represents the dissipated energy used to create new crack surface. The approach can separate the influence of elastic-plastic deformation mechanisms from fracture given coated systems with features similar to what has been described here (i.e. similar E/H to the substrate). It needs to be emphasised that the fracture must not make any contribution to the total work under displacement control. The contribution of fracture is to convert part of e W into W irr.
The coating toughness is then given by,
where ν and E are the Poisson's ratio and Young's modulus of coating, respectively. A fra is the total area of fracture. In this study, ν =0.25 is used in the absence of better data for the coatings of interest.
Assuming that crack initiation can be described by a critical strain criterion, it can be expected that the picture frame crack spacing is uniform [45] . Provided that picture frame cracking is well established and the outer picture-frame crack is very much bigger than the initial one, it can be shown that the total fracture area of the picture frame cracks is approximately given by, t s a A fra 2
where a is the radial dimension of the indentation, s is the spacing between the cracks as shown in Figure 14 and t is the coating thickness. Figure 14 . Schematic of the picture-frame crack geometry induced by a Berkovich indenter.
The same approach can also be used to assess interfacial fracture toughness providing that the area of interfacial fracture is known. For a circular interfacial crack, the area is given by,
where C R is the measured interfacial crack radius.
Toughness values of the coatings by W irr -W p method
From Table 5 , the toughness of the ZnO coating is lowest which agrees with the argument in Section 4.2.3.1. Previous tests [46] show that the critical loads for the first acoustic emission (AE) event well after plastic deformation initiation in ZnO and SnO 2 are similar, which implies that their toughness will be similar if it is assumed that the flaw size distribution is similar which is also consistent to the data in Table 5 . The toughness of the ZnO cap layer determined here is around 1.
which is compared to the results in the literature such as 0.8 ± 0.11 m MPa [47] for ZnO powder and 1.4 m MPa for bulk ZnO [48] . The toughness values for the tin oxide-based coatings are similar to those obtained by the W t -dp method ( Table 3 ). The toughness error for ITO is relatively big which is probably due to the high residual stress and defects in the coating. The energy release rate and toughness obtained at various loads for the samples are displayed in Fig.15 . The values do not vary much with load which indicates that the model presented here is reasonable. The method has also been applied to radial cracking in bulk materials such as glass and SiC and reasonable results are obtained [22] .
When dealing with interfacial toughness, the Young's modulus of the coating in Eq. (6) is replaced by the interfacial modulus defined by Hutchinson and Suo [49] ,
where c E and s E are the Young's modulus of coating and substrate, respectively.
Here, the s E is the effective substrate modulus consisting of contributions from the substrate glass and the other thin layers underneath the cap layer which is determined by the model developed by Bull et al [50] [51] [52] . The interfacial toughness is 0.64 ± 0.07
It should be pointed out that if the fracture dissipated energy is as small as the difference of measured and calculated W irr , this method will break down since measurement errors will then dominate the calculation.
There is a question as to whether the measured toughness is indenter tip-shape dependent. Li et al [6] found that the measured toughness of carbon coatings is almost identical when using a cube corner tip with sharp edges and its equivalent conical tip. It is also reported elsewhere that there is no tip-shape dependent behaviour in glass and many other brittle materials when comparing the toughness determined by a Vickers indenter [7] [8] [9] , a Berkovich indenter [53] , a cube corner indenter [20] or even a spherical indenter [54] [55] . Thus it can be assumed that toughness is independent of indenter shape with reasonable reliability. Furthermore, there is no obvious difference in the measured toughness based on different cracking patterns. For example, for a cone crack produced by a spherical tip, or radial or lateral cracking caused by a sharp tip in glass, the measured toughness is identical. For coatings, Malzbender et al found that the toughness of the sol-gel coatings in [12, 26] is the same based on radial cracking or chipping. 
Adhesion assessment
Many indentation models and techniques [e.g. 4, 26, [56] [57] [58] [59] [60] [61] have been developed to estimate the interfacial toughness. Most of them either require special experimental techniques which are expensive or restricted to certain coated systems or deal with well-extended delamination (blistering) which may not always be observed. Those methods cannot be easily applied to the interfacial failure observed in this study since the adhesion of the coatings is very good. Therefore, new approaches are developed in this section that can be extended to the coated systems which display similar fracture mechanisms.
Extra linear recovery
Under certain conditions, i.e. rebound after delamination leading to extra linear recovery in the unloading part of the P-δ curve, the adhesion may be assessed by a different method. The linear part (as shown in Fig.16a ) occurring near the end of unloading procedure is believed to be accounted for by rebounding of the detached coating during unloading. A model based on elastic equilibrium and the solution for unloading of a centrally loaded disc to assess debonding was proposed by Hainsworth et al. [62] . It was assumed the fracture dissipated energy associated with debonding equals the elastic energy stored in the flexed annular coating segment while ignoring the extra recovery area in the unloading curve. Thus, the energy dissipated by debonding is given by, However, this model dramatically overestimates the interfacial toughness. For example, for a 4µm TiN/ZrN multilayer on steel indented at 500mN, the calculated G int =173 to 716J/m 2 from a debonding length of 5~7 µm which is larger than results determined using other approaches for the same samples (~50J/m 2 ). In addition, it is extremely sensitive to the measured debonding length since the exponent C R in Eq.(11) is 4. When applying this method to the ceramic coatings in this study, it gives around 20000 J/m 2 for 400nm TiO x N y and 240nm ITO , which is clearly unrealistic. Therefore, an alternative approach is required.
The mechanism of failure can be explained as follows (see Figure 17) . The coating underneath the indenter deflects into the impression in the plastically deformed substrate under load, causing bending stress at the edges of the contact and buckling failure outside the contact during loading if the adhesion is poor. However, the compressive stress beneath the tip causes the coating within the region A-A (see Fig.16 ) to remain pressed against the substrate. During unloading the coating is detached from the substrate (with a crack radius of C R ) and behaves like a spring, pushing the indenter out of the impression and generating load at lower depths than normal elastic unloading. The area of debonding during unloading is given by 2 R C π as previously. The case where detachment occurs on loading (Fig. 17b) is difficult to analyse as the energy consumed in fracture on loading is not easy to determine. However, for the samples investigated here the adhesion is good and this does not occur so the geometry is Fig16a is assumed in this study.
To determine the energy to create the debonded area it is necessary to extrapolate the initial part of the unloading curve before the transition point when the effect of detachment is visible to the completely unloaded position. The difference between the extrapolated unloading curve and the actual unloading curve can be regarded as an approximation of the fracture dissipated energy for delamination (see the crosshatched area in Figure 16a ).
For the coated glasses in this study, this approach gives 79.7 ±17.6 J/m 2 for the TiO x N y / glass interface, thus the interfacial toughness is approximately 2.8±0.3 MPam 1/2 (using to Equations (10) and (11)). For the ITO/ZnO/Ag interface, the values of fracture dissipated energy and toughness are 35.8 ±14.1 J/m 2 , and 1.9±0.3 MPam 1/2 , respectively. These results agree reasonably with those determined by a different method (i.e. W t -dp) in the previous section. Further, the method presented here gives fracture dissipated energy values of 32 -64 J/m 2 for TiN/ZrN which is more reasonable for a ceramic/metal interface than the results of the method of Hainsworth et al. The reason that the model by Hainsworth et al significantly overestimates the values of interfacial toughness is that the stored elastic energy U e in the cracked coating segment has been at least partly released by through-thickness cracking prior to debonding. If the release of elastic energy in the coating is what causes detachment and the buckling of the coating then the work done pushing the indenter out should be the same as this. The extra recovery work is assumed to be equal to the energy to create the delamination area (excluding the effects of residual stress in the film) but some other energy dissipation mechanisms may also contribute (plasticity around the crack tip, microcracks, energy stored in bending) which will limit the accuracy of the result.
Lateral crack induced interfacial failure
The models above deal with the blister formation or delamination, while, interfacial failure can be also caused by a lateral crack occurring at the interface or adjacent to interface in a coating/substrate system.
Based on the expanding spherical cavity model as used in the analysis of the radial/median crack pattern [7, 9] and a simple plate theory, Marshall et al [63] proposed a model to relate the toughness of brittle bulk materials to the threshold lateral fracture load and other material parameters giving, Where P 0 is threshold load for lateral cracking; A 0 and δ 0 are dimensionless constants (A 0 =3/4 and δ 0 =1200) and θ is the half-included angle for the indenter.
Under certain circumstances, this method can be extended to assess the interfacial failure of a coated system. It is necessary that the scale of plastic deformation associated with the impression is comparable with the thickness of the coating and that the lateral crack occurs at an interface with poor toughness compared to the coating and the substrate.
For the coated glass and glass substrate investigated here, lateral cracking was only observed in coated glass capped with a 400nm ITO layer which is the sample with the worst adhesion. The crack observed was shorter than the indentation size (see Fig.18 ) which indicates that it is neither a lateral crack in the glass substrate nor far-field delamination at the interface. It is reasonable to assume that the critical load for the lateral cracking can be obtained when the plastic deformation zone just reaches the interface. As suggested by Chen and Bull [64] , for ceramics the radius of the plastic deformation zone is about five times the residual indent depth. For the indent in Figure 18 the residual depth is around 80nm and thus the critical load is about 3mN. Based on Equation (12) 
Comparison of adhesion data from different approaches
Since spontaneous blistering is observed in some locations on the surface of a 400nm ITO multilayer stack on glass (see Fig.19 ) an independent measure of adhesion energy is available for comparison with the results produced previously.
Considering the contribution to energy release rate G int for the interface by the critical buckling stress σ c and driving stress σ r of the film (i.e. the residual stress in the coating for a spontaneous buckle) it can be shown that [49] , Using Double cantilever beam (DCB) testing, Barthel et al [65] obtained the adhesion energy of 1.4~2.8 J/m 2 for a Glass/ZnO (TiO 2 or SnO 2 )/Ag/ZnO (each individual layer thinner than 20nm) stack with the crack path at the ZnO/Ag interface. Densityfunctional theory calculations [66] in the absence of mechanical energy dissipation at the ZnO/Ag interface provide similar results. Barthel et al [65] stated that that the adhesion energy between SnO 2 (or TiO 2 ) and Ag may be at least 50% higher than that of ZnO/Ag for the similar layer stack on glass. The weak interface in this study is one with silver -either Ag/ZnO or Ag/ITO but precisely where failure occurs is difficult to verify in the absence of good transmission electron microscopy images. However, no matter which interface really fails (either ITO/Ag or Ag/ZnO) the value of G int obtained for the ITO/Ag/ZnO interface here based on spontaneous blistering agrees very well with the results by DCB for the similar coating stack reported in the literature. That the ZnO/Ag interface is the weakest and can fail due to residual stress after sputter deposition has been verified by TEM [39] .
For the delamination produced by a sharp cube corner indenter analysed by the W t -dp method, the adhesion energy is between 10 to 28J/m 2 which overestimates the true adhesion energy due to the inevitable plastic deformation associated with the delamination during loading. The adhesion energy assessed by extra linear elastic recovery for such a coating stack is about 20 to 40J/m 2 which again overestimates the interfacial toughness because only part of stored elastic energy drives crack propagation and the fraction is unknown. However, these two methods are useful for qualitative comparison.
The toughness of the coating and the interface toughness may be dependent on coating thickness as in the case of sol-gel organic-inorganic coatings with the thickness from 1.7 to 6.3µm reported by Malzbender et al [26] . In this case, the thinner the coating the bigger coating toughness and interface toughness despite the invariant elastic modulus for these coatings. An approximately linear relationship between coating toughness and thickness was observed. This is probably related to residual stress and flaw size. However, it is also reported elsewhere [12] for similar sol-gel coatings the coating thickness has an almost negligible influence on coating toughness but it significantly affects the interface toughness. That the interface toughness of most coatings is found to be strongly dependent on coating thickness is well-documented and summarized in [61, [67] [68] [69] [70] . The main reason that the interface toughness will change with the thickness is due to the residual stress in the coatings; in such cases the detachment is driven by the elastic energy stored in the residually stressed coating which can be released to drive fracture. This increases with coating thickness.
Conclusions
The different fracture mechanisms which occur in very thin coatings during nanoindentation using a sharp or blunt indenter have been analysed in this study to obtain reliable values for coating toughness. Radial cracks are more likely to occur at low loads when the tip is sharp, while picture-frame cracks form at higher loads or when a blunt tip is used. At the same impression size the picture frame crack density may be an indicator of toughness. The methods developed here provide a route to determine coating toughness by energy-based models whether there are fracturerelated features in the load-displacement curve or not. In addition, the analysis of the extra linear recovery during unloading can be used to give a qualitative assessment of adhesion energy which is broadly in agreement with results obtained from lateral crack propagation and spontaneous buckle formation.
Since it is not always possible to generate a particular type of fracture for a given coating/substrate system a range of analysis methods are necessary to extract coating toughness. Approaches based on measurement of energy-dissipation routinely give more reliable results than those based on stress analysis because of the complexity of the stress field around an indentation and the manner in which it is modified by fracture. However, it is essential to correct for all other sources of energy dissipation during indentation if reliable toughness data is to be extracted.
